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Toxoplasma gondii is an obligate intracellular pathogen within the phylum Apicomplexa. Invasion and egress
by this protozoan parasite are rapid events that are dependent upon parasite motility and appear to be directed
by fluctuations in intracellular [Ca**]. Treatment of infected host cells with the calcium ionophore A23187
causes the parasites to undergo rapid egress in a process termed ionophore-induced egress (IIE). In contrast,
when extracellular parasites are exposed to this ionophore, they quickly lose infectivity (termed ionophore-
induced death [IID]). From among several lie” mutants described here, two were identified that differ in
several attributes, most notably in their resistance to IID. The association between the Iie™ and Iid~ pheno-
types is supported by the observation that two-thirds of mutants selected as Iid™ are also Iie~. Characteriza-
tion of three distinct classes of IIE and IID mutants revealed that the Iie™ phenotype is due to a defect in a
parasite-dependent activity that normally causes infected host cells to be permeabilized just prior to egress.
lie™ parasites underwent rapid egress when infected cells were artificially permeabilized by a mild saponin
treatment, confirming that this step is deficient in the Iie™ mutants. A model is proposed that includes host
cell permeabilization as a critical part of the signaling pathway leading to parasite egress. The fact that Iie™
mutants are also defective in early stages of the lytic cycle indicates some commonality between these normal

processes and IIE.

Toxoplasma gondii is an obligate, intracellular protozoan
pathogen that is capable of infecting and replicating within
virtually any nucleated mammalian or avian cell. This parasite
is the cause of sometimes severe disease in humans and other
animals, especially those who are immunocompromised. Due
to the spread of AIDS, the number of immunocompromised
individuals has increased enormously with a concomitant in-
crease in the incidence of fatal toxoplasmosis (30).

The devastating effects of uncontrolled Toxoplasma infec-
tions are a direct consequence of the parasite’s lytic cycle. In
spite of the worldwide prevalence and severity of Toxoplasma
infections, little is known about the four general events that
comprise this cycle: attachment, invasion, intracellular replica-
tion, and egress. As with many cellular events, Ca** has been
shown to play a significant role in the signaling of Toxoplasma
invasion and egress. Alterations in intracellular [Ca**] have
been associated with cytoskeletal rearrangements (12), gliding
motility (13), invasion (12, 16), intracellular growth (11, 19),
and host cell egress (9, 23, 27). There are at least three intra-
cellular Ca®* stores in this parasite: the endoplasmic reticu-
lum, the mitochondrion, and an unusual compartment called
the acidocalcisome (14).

Among the most dramatic effects of changing [Ca®*] is the
egress induced by calcium ionophores (9). This ionophore-
induced egress (IIE) will stimulate a population of intracellular
parasites to rapidly exit their parasitophorous vacuole and
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thence the host cell in a manner similar to natural egress and
is likely to utilize the same signaling pathway and/or secretory
events. If extracellular parasites are exposed to a calcium iono-
phore (A23187) for prolonged periods, they irreversibly lose
the ability to invade host cells (12). Since Toxoplasma is an
obligate intracellular protozoan, the ultimate result of this
inhibition is death; hence, this phenomenon is termed iono-
phore-induced-death (IID). Because of the wide range of ac-
tivities that are regulated by [Ca®*], Ca®* ionophores can have
dramatic effects in higher eukaryotic cells, resulting in the
activation of nucleases, Ca®"-dependent proteases, phospha-
tases, and phospholipases (6). One of the consequences of this
global activation, at least in some cell lines, is the induction of
apoptosis (15). In Toxoplasma, it is unknown whether the iono-
phore is directly killing the extracellular parasite or if it is
merely preventing it from invading cells in some manner that is
not necessarily disruptive to its metabolism.

To investigate the pathways affected by A23187, two genetic
selections were developed to isolate mutants resistant to the
effects of this drug. Three phenotypically distinct mutants have
been recovered using this strategy that differ in their response
to A23187: lie” Iid~, lie~ Iid", and Iie* lid~. Characteriza-
tion of the events associated with IIE has also uncovered a
Ca®"- and parasite-dependent activity that permeabilizes both
the parasitophorous vacuole and host plasma membrane as an
early event, even when egress is blocked. These results were
used to formulate a model for the role of Ca®* in triggering
egress.

MATERIALS AND METHODS

Parasite cultivation and reagents. The tachyzoite stage of the RHAHXGPRT
strain (abbreviated here as RHA [18, 29]) was the parent strain used here. It was
maintained in vitro by serial passage on monolayers of human foreskin fibro-
blasts (HFF) at 37°C in 0.5% CO, as described previously (20). Normal medium
used for propagation was Dulbecco modified Eagle medium (DMEM) (Gibco-
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BRL) supplemented with 10% NuSerum (Collaborative Biomedical Products), 2
mM glutamine, and 20 pg of gentamicin/ml. Parasites were transformed by
electroporation as previously described (26). Drug selection was not initiated
until after overnight growth on a monolayer of HFF in normal medium. Plaques
were scored after 5 to 6 days of growth by fixing the monolayer with 100%
methanol and staining it with either Giemsa stain or crystal violet (20).

Mutagenesis was performed using a monolayer of HFF in a T175 flask (Fal-
con) that was heavily infected with Toxoplasma at a multiplicity of infection
(MOI) of ~5 and was allowed to grow for 30 h in normal growth medium. The
mutagen N-nitroso N-ethylurea (ENU; Sigma) was added to this monolayer at
150 pM in normal growth medium and was allowed to incubate at 37°C for 60
min. After three washes, the cells were scraped off the flask and the parasites
were syringe released using a 27-gauge needle followed by replating on a fresh
monolayer for propagation. The typical mutagenesis using 150 uM ENU resulted
in ~65% survival after treatment compared to that for the unmutagenized
control, resulting in 2 X 107 to 4 X 107 mutagenized parasites/T175 flask.
Parasites surviving the mutagenesis were passed a second time without selection
and were tested for survival under 5-fluorodeoxyuridine selection to gauge the
efficiency of mutagenesis (17). Typically, ~200 parasites per million were resis-
tant to this drug, presumably due to mutations in the uracil phosphoribosyltrans-
ferase gene (8). Control cultures showed <107 resistant parasites, confirming
that the ENU mutagenesis had been successful.

The calcium ionophore A23187 (Sigma) was dissolved in dimethyl sulfoxide
(DMSO) at 1 mM. Hanks balanced salts solution (HBSS; Gibco-BRL) was
modified for use in two different forms: (i) HBSS, with 1 mM MgCl,, 1 mM
CaCl,, 10 mM NaHCOs;, and 20 mM HEPES, pH 7.2; and (ii) HBSS,,., which is
HBSS, with 5 mM EGTA and no added CaCl,. Cytochalasin D (Sigma) was
dissolved in DMSO at a concentration of 1 mM. The cell-permeable calcium
chelator BAPTA-AM (Sigma) was dissolved in DMSO at 50 mM.

Quantitation of IIE phenotype. An HFF monolayer was grown on 24-well
plates and infected with Toxoplasma at an MOI of 0.2 parasites/fibroblast. Par-
asites were allowed to replicate for 30 to 36 h at 37°C to develop vacuoles that
contained 32 to 64 parasites. The growth medium was washed off the monolayer
with phosphate-buffered saline (PBS) and replaced with warm HBSSc containing
1 uwM A23187 for time points ranging from 0 to 10 min. Upon removal of the
ionophore, monolayers were fixed with 100% methanol and stained with crystal
violet as described previously (20). Vacuoles were examined by light microscopy
to determine if egress had occurred by counting no fewer than five fields from
each well (=150 vacuoles) at a magnification of X200. Intact vacuoles versus
those where egress had occurred were readily distinguished by the tight cluster-
ing of parasites within a discrete vacuole versus a group of widely dispersed
individual parasites around a lysed host cell.

Selection for Iie™ mutants. The RHA strain was chemically mutagenized and
passaged once without selection. The lysing mutant population from T175 was
syringed with a 27-gauge needle and seeded onto a fibroblast monolayer at an
MOTI of 1 parasite/fibroblast. Thirty to thirty-six hours after infection (32 to 64
parasites/vacuole), the growth medium was removed and the cultures were
washed with PBS followed by incubation in warm HBSS, containing 1 pM
A23187 for 2 min at 37°C. Most extracellular parasites were immediately washed
off with cold PBS, and the entire surface of the monolayer (including remaining
extracellular and attached parasites) was biotinylated for 30 min at 4°C with
HBSS, containing 0.25 mg of NHS-biotin (Pierce)/ml. The infected monolayer
was washed three times with PBS containing 1% bovine serum albumin (BSA),
scraped off the flask, and passed through a syringe with a 27-gauge needle to
release the intracellular, unbiotinylated parasites from the host cells. The cell
debris was pelleted at 500 X g for 5 min and discarded. Parasites in the super-
natant were pelleted at 1,000 X g for 10 min and resuspended in 0.5 ml of HBSS,
and mixed (1:1) with streptavidin-conjugated Sepharose beads (Sigma). A col-
umn was constructed by adding the slurry to a polyfill-plugged Pasteur pipette.
The flowthrough was passed over the column three times and followed by 10
column volumes of DMEM containing 10% fetal bovine serum (FBS) to wash off
the biotin-free parasites. The final flowthrough fraction, enriched for unbiotiny-
lated parasites (i.e., parasites that were intracellular during the biotinylation
step), was added to a fresh HFF monolayer for subsequent rounds of growth and
selection.

A secondary selection was performed to eliminate parasites that exit the cell
normally upon ionophore treatment but rapidly invade neighboring cells. After
five rounds of selection, the population was seeded onto monolayers in 100-mm
tissue culture dishes (Falcon) at an MOI of 0.05 parasite/fibroblast and was
incubated for 30 to 36 h (~32-cell stage). Egress was induced with A23187 as
described above for 2 min followed by two washes with PBS and addition of
medium with 0.9% molten Bacto-Agar as previously described (20). Full vacu-
oles were picked using a Pasteur pipette and were transferred to HFF monolay-
ers in a 96-well plate. Single PFU were chosen and labeled as MBEx.y, where “E”
indicates an egress mutant, “x” represents the experiment number, and “y” is the
clone number in that experiment. Thus, for example, MBE1.1 and MBEZ2.1 are
egress mutants that underwent completely independent rounds of mutagenesis
and selection.

Quantitation of IID phenotype. Parasites were syringe released from lysing
monolayers of infected HFF, and the host cell debris was pelleted at 500 X g for
5 min. Extracellular parasites were pelleted from the supernatant at 1,000 X g for
10 min and were resuspended at a concentration of 10° parasites/ml in 37°C
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HBSS, containing 1 .M A23187 in DMSO or a comparable amount of DMSO
alone. This suspension was incubated at 37°C for time points ranging from 0 to
60 minutes. At specified times, samples were taken and plated onto monolayers
in 24-well plates for plaque development. After 5 or 6 days, the plates were fixed
with 100% methanol and stained with crystal violet to score the number of PFU
as a function of time of incubation in the ionophore.

Selection for Iid~ mutants. The RHA strain was chemically mutagenized and
passaged once without selection as described above. The mutagenized popula-
tion from a T175 flask was syringed with a 27-gauge needle and pelleted at
1,000 X g for 10 min. The parasites were resuspended in warm HBSS_ that
contained 1 uM A23187 and were incubated for 30 min at 37°C followed by
pelleting for 10 min at 1,000 X g. The entire pellet of parasites was resuspended
in DMEM plus 10% FBS and plated onto a fresh HFF monolayer in a T75 flask.
Following expansion of this population, a second round of selection was per-
formed in which the extracellular parasites were incubated in A23187 for 45 min
instead of 30 min at 37°C. Parasites recovered from the pellet were plated onto
a T25 flask for rounds 3 to 5 using 45-, 50-, and 60-min incubations, respectively.
The population that survived round 5 was plated onto monolayers in a 96-well
plate at a limiting dilution (2 to 6 parasites/well) for isolating clones. Twelve
clones were isolated from each of two independent populations of mutagenized
parasites for a total of 24 clones that were analyzed further.

Ionophore-induced MIC2 secretion. This protocol was obtained from V. Car-
ruthers and D. Sibley at Washington University, St. Louis, Mo. (3). Parasites
were syringe released using a 27-gauge needle from a lysing HFF monolayer in
a T25 flask. After two washes with invasion medium (DMEM with 3% FBS,
0.04% NaHCO3, 2 mM glutamine, and 20 mM HEPES, pH 7.2), parasites were
resuspended in the same medium at 5 X 107 cells/ml. A 96-well round-bottom
plate (Falcon) was prepared with 1 wl of either DMSO or 10 uM A23187 in
DMSO in each of 3 wells with 3 additional wells left empty. The plate was
transferred to a 37°C bath, and 100 pl of the parasite suspension was added to
each well. After 2 min, the suspensions containing DMSO or A23187 in DMSO
were transferred to a new plate on ice, leaving the third set of wells at 37°C for
a total of 30 min (basal secretion). The suspensions were then cleared by pel-
leting the cells at 1,000 X g for 5 min at 4°C, and 70-ul samples of the supernatant
were transferred to a new plate. These samples were respun using the same
parameters, and 30-pl samples of the resulting supernatants were taken for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot
analysis as described before (1). Nitrocellulose filters were stained with the
monoclonal anti-MIC2 antibody 6D10 (29) (a generous gift of D. Sibley) and a
secondary peroxidase-conjugated goat anti-mouse antibody and were then ana-
lyzed using ECL fluorescent detection reagents (Amersham).

Invasion rate assay. Intracellular parasites grown for approximately 48 h at
37°C were syringe released. These parasites were added to HFF cells in 12-well
plates at an MOI of 0.1. The plates were then incubated at 37°C for 24 h to allow
invasion. At this point the medium was removed, the monolayer was washed
twice with PBS, and fresh medium was added. The plates were then incubated at
37°C for an additional 4 days to allow the formation of plaques.

Immunofluorescence analyses. Gliding motility was assessed indirectly by im-
munofluorescence analysis of the major Toxoplasma surface antigen SAGI in
trails (7). Parasites were immobilized in K,SO, buffer (44.7 mM K,SO,, 106 mM
sucrose, 10 mM MgSO,, 20 mM Tris-H,SO, [pH 8.2], 5 mM glucose, and 3.5 mg
of BSA/ml [10]) and were seeded onto a tissue culture-treated LabTek chamber
slide. After 15 min at 37°C, the K,SO, buffer was removed and replaced with
either the same medium or HBSS, and the parasites were incubated for 2 min
more at 37°C. The parasites were then fixed with 3% formaldehyde for 20 min at
room temperature and stained using the anti-SAG1 monoclonal antibody (MAD)
DGS52 (2), used at 1/1,000, followed by fluorescein isothiocyanate (FITC)-con-
jugated goat anti-mouse immunoglobulin G secondary antibody (ICN), used at
1/1,000. Chambers were removed, and coverslips were mounted on slides with
Vectashield (Vector Laboratories) and examined using an Olympus BX60 fluo-
rescence microscope (also used in each of the following protocols).

The integrity of host plasma and vacuolar membranes was examined by using
immunofluorescence and differential permeabilization. Monolayers of HFF were
grown on HCl-ethanol-etched round glass coverslips and were infected with
parasites at an MOI of 0.2 parasites/fibroblast. Thirty hours postinfection, the
medium was removed, washed off with PBS, and replaced with HBSS, containing
1 pg of cytochalasin D/ml for 5 min at 37°C to immobilize the intracellular
parasites. An equal volume of HBSS, containing 2 pM A23187 (for final con-
centrations of 1 uM A23187 and 0.5 pg of cytochalasin D/ml) was added to the
medium for 2 min before fixing the cells with 3% formaldehyde in PBS. A rabbit
anti-SAG1 polyclonal serum (RaP30, a generous gift of L. Kasper, Dartmouth
University), detected with an FITC-conjugated secondary antibody, was used to
stain parasites that were extracellular or within disrupted host cells. A mouse
anti-SAG1 monoclonal cell line (DG52 [2]) was used in the presence of Triton
X-100 and was detected with a Texas red-conjugated secondary antibody to stain
all the parasites regardless of the state of their host cell.

SICr-release assay. A 24-well plate of Toxoplasma-infected HFF (24 h postin-
fection at an MOI of 0.2) was loaded with >'Cr at 10 pCi/5 X 10° fibroblasts in
0.3 ml of DMEM plus 10% FBS per well. After 12 h at 37°C, the monolayer was
washed five times with PBS and then incubated in PBS containing either 50 M
BAPTA-AM (Sigma) in DMSO or DMSO alone for 30 min at 37°C. The wells
were washed once with PBS and treated with 0.5 ml of HBSS,. containing either
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FIG. 1. The IIE phenotype of wild-type (RHA) and two lie™ mutants
(MBEL.1 and MBE3.3). (a) A time course of egress using 1 pM A23187 in
HBSS,. (b) IIE as a function of A23187 concentration. Egress was measured
after 2 min of exposure to the ionophore. Monolayers for both panels a and b
were scored for the percentage of lysed vacuoles per field.

1 pg of cytochalasin D/ml in DMSO or DMSO alone for 5 min at 37°C. At the
end of this incubation, 50 wl of the culture supernatant was taken for the 0-min
time point and replaced with 50 wl of HBSS, containing 50 mM dithiothreitol
(DTT), 5 uM A23187 in DMSO, or DMSO alone. Ten percent of the total
remaining volume (30 to 50 pl) was transferred to 96-well scintillation plates
(Wallac) containing 150 wl of optiphase polysafe scintillation fluid (Wallac) at
time points from 2 to 10 min. After taking the 10-min time point, each well was
lysed with Triton X-100 (1% final concentration), and 10% of the supernatant
was taken to determine the total remaining counts per well. The 96-well plates
were sealed and analyzed using a 1450 Microbeta Plus counter (Wallac). The
data obtained were normalized to 10* PFU as determined by a parallel plaque
assay that was performed on each strain. Egress assays for both A23187 (1 uM)
and DTT (10 mM) were also performed in parallel plates as described above.
Saponin permeabilization of the host cell plasma membrane. HFF monolayers
in 24-well plates were infected with mutant or parental parasite strains at an MOI
of 0.2. After 30 h of growth (~32-cell stage), the host plasma membrane was
permeabilized using 0.005% saponin (Sigma) in HBSS, or HBSS,,. (HBSS, with
5 mM EGTA and no added CaCl,) for 20 min at 4°C. Plates were immediately
placed in a 37°C water bath in the same solution and fixed with 100% methanol
at time points ranging from 0 to 5 min after the temperature shift. Monolayers
were stained and assayed to determine the percent egress as described above.

RESULTS

Isolation of ionophore-induced egress mutants. To devise a
selection strategy for the isolation of IIE-defective (Iie™) mu-
tants, it was first necessary to determine the kinetics of
A23187-induced egress from infected host cells using the RHA
parental strain. These studies showed that >98% of the para-
site population will exit from their vacuoles and hence their
host cells after only a 2-min exposure to 1 uM A23187 (Fig.
1a). This event is temperature dependent, as the frequency of
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TABLE 1. Phenotypes of three A23187-resistant mutants compared
to the parental strain”

Phenotype RHA MBEIL.1 MBE3.3 MBD2.1
Ionophore-induced egress + - - +
Tonophore-induced death + - + -
Efficient invasion + - - +
Ionophore-induced permeabilization + - - +
Saponin-induced egress + + + +
BAPTA insensitivity + + + -
Conoid extrusion

Intracellular ND + - ND
Extracellular + + + +
Induced microneme secretion + + + ND
Gliding motility + + + ND

“ ND, not determined.

egress decreased with lower temperatures and can be com-
pletely blocked at 4°C (data not shown).

The selection strategy for isolating lie” mutants was per-
formed using a chemically mutagenized population of RHA to
infect an HFF monolayer. Briefly, 1 .M A23187 was added to
infected cultures at 37°C for 2 min to allow IIE-responsive
parasites to leave the host, many of which were immediately
washed off. However, because many of the extracellular para-
sites remain adherent to the monolayer, NHS-biotin was used
to tag and differentiate the extracellular parasites. The mono-
layer was washed with PBS to remove the residual biotin and
was scraped from the flask, and the parasites still within the
cells were syringe released. Biotinylated parasites were re-
moved by passing them over a streptavidin-Sepharose column.
Unbiotinylated parasites were washed through the column and
recovered in normal medium for propagation on a fresh HFF
monolayer. This population, now enriched for lie™ mutants,
was passed through four more complete rounds of the selec-
tion, as detailed in Materials and Methods.

The efficiency of the selection was compromised by the fact
that many of the ionophore-responsive parasites immediately
invade neighboring cells after exiting the original host cell. To
overcome this limitation of the selection, a secondary screen
was performed to separate the lie” mutants from the back-
ground of wild type. After ionophore treatment, full vacuoles
containing presumptive mutants were identified by phase mi-
croscopy and individually picked using a plugged Pasteur pi-
pette. Through this final selection, a total of five lie” mutants
were isolated and cloned from three independent mutagenesis/
selection experiments. Three clones isolated from three sepa-
rate mutant populations have been examined in detail, with
two (MBEL.1 and MBE2.1) showing indistinguishable pheno-
types. Thus, the results for only one of these two (MBE1.1) and
the third mutant, MBE3.3, which has a distinct phenotype, are
presented in this report.

As expected, MBE1.1 and MBE3.3 demonstrate a dramatic
shift in the timing of host exit, with <5% of the vacuoles
responding after a 2-min exposure to ionophore as compared
to >95% in the parental strain (Fig. la; this and the other
phenotypes described below are summarized in Table 1). With
longer incubations, however, the mutants do eventually re-
spond, such that by 10 min ~90% have exited their host cells.

The 2-min time point was used to titrate the response to
ionophore at concentrations ranging from 1 to 20 pM. As
shown in Fig. 1b, MBE1.1 did not show any significant change
in its phenotype at even the highest concentration of the iono-
phore, which is 20 times that used for the selection. MBE3.3,
however, appeared to be more responsive as the concentration
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FIG. 2. A23187 induction of parasite elongation in intracellular Tie™ mu-
tants. Infected cells were treated with DMSO (left) or 1 M A23187 (right) in
HBSS, and were fixed after 2 min at 37°C. The morphological phenotype is
observed as an extension of the apical end (pointing out from the center of the
vacuoles). Intracellular MBEI.1 parasites demonstrate this phenotype, while
those of the MBE3.3 strain remain rounded.

of ionophore was elevated, with ~30% leaving their vacuole at
20 wM. The difference in sensitivity to elevated concentrations
of A23187 suggests that these mutants are distinct in their
mechanism of resistance to IIE.

Cytoskeletal rearrangements associated with A23187 expo-
sure. The mutations that prevent MBE1.1 and MBE3.3 from
rapidly exiting in response to ionophore induction may be at
either of two levels: the mutants either could be incapable of
receiving and transducing the signal that is stimulated by the
rise in intracellular [Ca**] or could be able to receive the
signal but be incapable of reacting to it at points downstream
in the response pathway (e.g., no longer able to initiate motil-
ity).

To discriminate between these two scenarios, the pheno-
types of the two mutants were examined under various condi-
tions related to the ionophore-induced egress. First, it has been
observed that upon exposure to A23187, extracellular parasites
will extrude their conoid, a cytoskeletal appendage localized to
the anterior pole (12). Although extracellular [Ca**] does not
appear to play a significant role in this event, it is dependent
upon intracellular [Ca®>"] and can be completely blocked by
the cell-permeable calcium chelator BAPTA-AM (12). Extra-
cellular parasites from the RHA, MBEL.1, and MBE3.3 strains
were treated with concentrations of A23187 ranging from 0.1
to 1 uM in HBSS, for 2 min at 37°C. In none of the conditions
tested was there any observable difference between the paren-
tal and lie” mutants, with 75% or more of the parasites ex-
truding their conoids at 1 uM (data not shown).

Next, the effect of the ionophore on conoid extrusion in
intracellular parasites was examined. As shown in Fig. 2,
MBEL1.1 parasites that remain intracellular after a 2-min ex-
posure to A23187 undergo a noticeable morphological alter-
ation that appears to elongate the parasite and extend the
conoid, similar to what is observed in extracellular forms. This
form of movement resembles the twisting and torsional move-
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ments previously described in extracellular parasites during the
invasion event (5). Although this has been difficult to observe
in the parental strain due to the rapid IIE response, video
analysis has suggested that a similar cytoskeletal rearrange-
ment occurs in RHA just prior to the onset of motility (data not
shown). In MBE3.3, however, this morphological change was
not seen; the intracellular parasites showed no elongation or
conoid protrusion after the 2-min incubation (Fig. 2). As ob-
served in the conoid extrusion by extracellular parasites, the
cytoskeletal rearrangement in MBE1.1 is completely inhibited
if the infected cells are first loaded with 50 puM BAPTA-AM
for 30 min (data not shown), indicating a dependence on
[Ca*™].

Gliding motility is not disrupted in Iie™ mutants. To further
investigate the nature of the defect in the mutants, gliding
motility was examined in the two strains independent of the
influence of A23187 by immunofluorescence analysis of depos-
ited surface protein trails (7). There was no apparent differ-
ence in the length or number of protein trails deposited be-
tween the mutants and the parental strain using this assay (data
not shown). This is consistent with visual observations of nat-
urally lysing cultures: there was no observable difference in the
motility of the mutants compared with the parental strain.
These results suggest that the Iie™ phenotype in the mutant
strains is not due to a defect in the general motility apparatus
required for gliding.

IID phenotype in Iie™ mutants. As mentioned before,
A23187 will irreversibly block the ability of extracellular para-
sites to invade host cells after prolonged exposure, causing IID
(12). To investigate the relationship between the lie™ pheno-
type and IID, MBE1.1 and MBE3.3 were tested as described in
Materials and Methods for their ability to resist prolonged
exposure to ionophore. As shown in Fig. 3a, the efficiency of
plating (EOP) of both RHA and MBE3.3 dropped to 10% of
that obtained for the DMSO controls after only a 30-min
exposure to A23187. By 45 min, both strains were below the
detection limit of the assay. The MBE1.1 strain, however, was
barely affected by the ionophore, so that even after a 60-min
exposure the EOP was approximately 70% of that obtained for
the DMSO control.

Ionophore-induced microneme secretion appears normal in
the lie” mutants. It has been recently observed that extracel-
lular forms of Toxoplasma can be induced to secrete microne-
mal contents, specifically the MIC2 protein, upon exposure to
A23187 (3). As this protein is homologous to a family of pro-
teins in Plasmodium that are essential for motility and invasion
(28, 29), the premature exhaustion of micronemal contents
could be a contributing factor to both IIE and IID. This would
predict that a delay in their secretion would both hinder the
onset of induced egress and allow extracellular parasites to
survive for longer periods in the presence of A23187.

MIC2 is a 115-kDa protein that is secreted onto the surface
of the parasite and is anchored in the plasmalemma via a
transmembrane domain. Smaller, soluble forms of this protein
(96 kDa) can be isolated from the media and are believed to be
the products of a proteolytic event, leaving the transmembrane
portion on the surface of the parasite (29). In a collaboration
with V. Carruthers and D. Sibley (Washington University, St.
Louis, Mo.), ionophore-induced secretion was examined in the
RHA, MBEI.1, and MBE3.3 strains, using the release of the
soluble fragments as an assay. Phospho-imaging analysis of
MIC2 showed no significant difference in the levels of secre-
tion between the parental and lie™ strains (data not shown).
Although this does not eliminate the possibility that induced
secretion from the micronemes plays a role in IID, it is unlikely
that a defect in this process is responsible for the Iid~ pheno-
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FIG. 3. Relationship between the ITE and IID phenotypes. (a) MBEL1.1, but
not MBE3.3, is resistant to IID. Extracellular parasites were exposed to A23187
and assayed for the formation of plaques. EOP was defined as the percentage of
the PFU arising from parasites incubated with A23187 versus the DMSO-treated
control. (b) Iid™ phenotypes of MBD1.1 and MBD2.1, two independent mutants
isolated in the Iid~ selection. Assays were performed as in panel a. (c) IIE in the
Tid~ selected mutants. MBD1.1 is Tie ~, while MBD2.1 is lie *. The IIE assay was
performed as described for Fig. 1a.

type of MBE1.1 or the lie~ phenotype of MBEI.1 and
MBE3.3.

Isolation of IID mutants. The double defect in MBEL.1
(Iie” and Iid ") could be due to a single, pleiotropic mutation
or to two independent mutations. To investigate further the
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association between IIE and IID, a genetic selection was em-
ployed to isolate mutants in the RHA strain that are Iid~ and
which could then be screened for an associated lie™ pheno-
type. The selection strategy was to expose an extracellular
population of chemically mutagenized parasites to 1 puM
A23187 for prolonged periods (30 to 60 min) before allowing
them to infect fibroblast monolayers and then recovering the
survivors. After five rounds of this selection, the surviving par-
asites were plated at a limiting dilution to isolate clones. The
Iid~ phenotype of a representative clone from each of two
independent mutagenesis and selection experiments, MBD1.1
and MBD2.1, is shown in Fig. 3b. Both strains showed a nearly
complete resistance to the IID effect, such that by 60 min there
was little if any drop in infectivity in the mutants compared
with a complete loss of viability in the parental strain.

Next, 24 Iid~ clones (12 from each of two independently
mutagenized and selected populations) were examined for
their IIE phenotype. The results for two representative clones
are shown in Fig. 3c. Following a 2-min exposure to 1 pM
A23187, MBD1.1 demonstrated a delay in IIE similar to that
observed for MBEI1.1 and MBE3.3 (less than 5% of the vacu-
oles lysing after 2 min), while MBD2.1 behaved as the wild type
in this assay. Thus, MBD2.1 represents a new class of mutant
that has an Iie* Iid~ phenotype. Of the 24 Iid~ mutants char-
acterized, 16 (8 from each of the two independently mu-
tagenized populations) were Iid~ lie, indicating an associa-
tion between these two phenotypes and strongly suggesting
that a single mutation can give rise to both phenotypes.

IID is not due to a freely diffusible, toxic product. An alter-
native to the exhaustion model for the IID effect is that the
stimulated parasites release a toxic substance. To test this
possibility, the three classes of A23187-resistant mutants (rep-
resented by MBE1.1, MBE3.3, and MBD2.1) and the parental
RHA were mixed with an RHA-Bgal strain (24) and examined
for “trans” killing. Since expression of the lacZ (Bgal) gene
does not affect the IID phenotype of the parental RHA (data
not shown), this strain was used to differentiate the blue Tid™*
wild-type strain from the colorless mutant strains. As shown in
Fig. 4, the IID of RHA-Bgal parasites (Fig. 4a) did not sub-
stantially affect the viability of MBE1.1 or MBD2.1 (Fig. 4b)
compared to experiments where the wild-type parasites were
not included (Fig. 3). Thus, the effect of A23187 on the EOP
of Tid ™" strains is not due to the secretion of a large amount of
a stable and readily diffusible toxic factor. The results do not,
however, exclude the possibility that a toxic factor is released
but can only act locally on the parasite that releases it.

MBD2.1 mutant is hypersensitive to BAPTA-AM. The roles
of intracellular [Ca**] in Toxoplasma motility and invasion
have been well documented using a variety of assays. For
example, it has been observed that effectively removing the
calcium stores in extracellular parasites by pretreating with
BAPTA-AM results in a >90% reduction in the ability of the
parasite to invade host cells (12). Since the IID phenotype
exhibits a similar effect, the sensitivity of the lie™ and Iid™
mutants to BAPTA-AM treatment was examined. Extracellu-
lar parasites of the MBE1.1, MBE3.3, MBD2.1, and RHA
strains were treated with either 50 .M BAPTA-AM in DMSO
or an equivalent concentration of DMSO alone in HBSS, for
30 min at 37°C. After pretreatment, the parasites were diluted
and plated onto fresh, untreated HFF monolayers for the de-
velopment of plaques (Fig. 5). Like RHA, the MBE1.1 and
MBE3.3 mutants showed an approximately 90% drop in their
EOP. In contrast, the MBD2.1 mutant appears to be hyper-
sensitive to BAPTA-AM, showing a 99% drop in its EOP. This
result suggests that the Iid~ phenotype of MBD2.1 may be due
to a diminished ability to respond to elevated intracellular
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FIG. 4. 1ID is not due to a freely diffusible lytic activity. A strain of RHA that
was transformed with a SAG1-driven B-galactosidase reporter (24; RHA-Bgal)
was used as the Iid™ strain and mixed with RHA, MBE1.1, MBE3.3, or MBD2.1
in a 1:1 ratio. The extracellular parasites were incubated in 1 pM A23187 in
HBSS,. at 37°C for periods of 0 to 60 min, diluted, and plated on HFF monolayers
for the development of plaques. After 5 days, the monolayers were fixed and
stained with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) to dis-
tinguish the plaques from each strain. After counting the blue plaques, the
monolayer was counterstained with crystal violet to score all the remaining
“colorless” plaques. (a) Control showing the expected drop in EOP of the Iid"
RHA-Bgal strain in the four coincubation assays from panel b (scoring for blue
plaques). (b) The effect of coincubation with RHA-Bgal on the IID phenotype of
the four strains.

[Ca?*]. Since MBD2.1 is lie*, the mutation it harbors is likely
to create a defect that is distinct from that which makes
MBEI.1 lie™ Tid ™.

IIE mutants exhibit reduced EOP. Because several events
detected during IIE, such as conoid protrusion and [Ca*?] flux,
are also part of the invasion process, it seems likely that these
two processes are related. Therefore, we tested whether the
Tie” mutants have a defect in invasion by looking at their EOP.
Mutant and parental parasites were syringe released and al-
lowed to invade new cells for 24 h. Noninvaders were removed
by extensive washing, and the plates were incubated for 3 more
days to allow the formation of plaques. All three lie™ mutants
formed ~30 to 50% fewer plaques than the wild type, whereas
the lie* Tlid~ mutant MBD2.1 showed no such decrease (Fig.
6). The EOP reduction was independent of the length of time
the parasites were given to invade, which was over a range from
0.5 to 24 h (data not shown). The decrease was not due to a
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FIG. 5. The effect on EOP of pretreating extracellular parasites with either
A23187 or BAPTA-AM. Extracellular parasites were pretreated with either 1
M A23187 or 50 puM BAPTA-AM in HBSS, for 30 min at 37°C and were plated
to determine the EOP expressed as the percent relative to treatment with DMSO
alone. The data are pooled from three independent trials. The two Tid™ strains
(RHA and MBE3.3) showed the expected drop in EOP after exposure to
A23187. Upon treatment with BAPTA-AM, RHA, MBEL.1, and MBE3.3
showed about a 90% drop in EOP while MBD2.1 was hypersensitive to this
treatment, with a drop of over 99%.

general growth defect because no difference from wild type was
seen for any of the mutants when the number of parasites per
vacuole was counted as a function of time (data not shown).
Thus, regardless of the selection method, the mutants display-
ing an egress phenotype were also defective in invasion and/or
the earliest stages of intracellular growth (our data do not
discriminate between failure to invade and failure to survive
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FIG. 6. EOP of lie™ and Iid™ mutants. Parasites were allowed to infect HFF
monolayers for 24 h, after which extracellular parasites were removed and the
plaques were allowed to develop for 4 more days. Mutants defective in IIE also
showed a reduction in the efficiency of plaquing.
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once inside). These results show that the mutated genes are
involved in the normal functioning of the parasite, not just in
IIE, and establish a connection between the IIE phenomenon
and the initial stages of the lytic cycle.

Host cell permeabilization is an early event in IIE. The
effect of A23187 treatment on infected host cells, apart from
the ultimate disruption of the cell from parasite egress, was
examined using cytochalasin D to immobilize intracellular
forms of the RHA strain. Cytochalasin D is a microfilament-
depolymerizing agent that reversibly inhibits both conoid ex-
trusion (12) and gliding motility (7, 21, 25). In preliminary
experiments using video microscopy, it was observed that when
cultures were pretreated with cytochalasin D and then exposed
to 1 uM A23187 at 37°C, the infected host cells initially swelled
and then apparently collapsed down around the parasites and
host cell nucleus as though grossly permeabilized (data not
shown). During this lysis neither host cell organelles nor par-
asites were released. The lysis was seen only in infected cells;
adjacent, uninfected cells showed no signs of any perturbation.

To visualize this phenomenon and obtain quantitative data,
two assays were used. The first was an examination of the
permeability of the host cell membrane by using antibodies
directed to the parasite; only if the host plasma membrane and
the parasitophorous vacuolar membrane are severely perme-
abilized should antibody be able to reach the parasite. The
latter is normally permeable only to molecules below 1.4 kDa
(23), well below the size of an antibody. To do this assay,
infected monolayers that had been treated with cytochalasin D
and then ionophore were fixed and stained with a rabbit poly-
clonal antibody to a parasite surface antigen, SAG1. The
monolayers were then permeabilized with detergent and
stained with a mouse MAb to SAGI to allow all parasites to be
identified regardless of the state of the host membranes. In
cultures infected with wild-type parasites, the ionophore-in-
duced but paralyzed intracellular parasites stained with both
antibodies, indicating severe permeabilization of the infected
host cells (Fig. 7a). This effect is Ca>* dependent, because
pretreatment with BAPTA-AM blocked ionophore-induced
permeabilization (Fig. 7b). Since BAPTA-AM also blocks IIE
(data not shown), ionophore-induced permeabilization and
IIE may both be consequences of elevated [Ca®*] inside the
host cell and/or parasite. Nevertheless, BAPTA-AM would not
be expected to enter the parasite in this experiment, because it
should be deesterified by the host cell and thus be unable to
cross the parasite’s plasma membrane (27).

The association between host lysis and IIE was examined
further using the three mutant strains. As shown in Fig. 7a, a
clear difference in the permeabilization response in the pres-
ence of cytochalasin D was observed between the Iie” mutants
(MBE1.1 and MBE3.3) and the mutant with an lie" phenotype
(MBD2.1) following a 2-min exposure to ionophore. Thus, IIE
appears to be associated with permeabilization of host mem-
branes. The lack of permeabilization of cells infected with lie ™
mutants also shows that neither the cytochalasin D nor the
ionophore itself is directly responsible for the permeabiliza-
tion.

To quantitate the timing of host lysis and the differences
between the wild-type and mutant strains, a chromium-release
assay was performed on infected host cells preloaded with
[°'Cr]. In addition, IIE assays were performed in parallel so
that the number of vacuoles lysed could be compared to the
level of >'Cr release. As shown in Fig. 8a and b, the timing of
ionophore-induced >'Cr release in RHA-infected monolayers
pretreated with cytochalasin D parallels that observed in the
absence of cytochalasin D. Although the IIE response in this
experiment was similar to that in previous assays (>98% egress
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FIG. 7. Ionophore-induced membrane permeabilization by intracellular lie™
parasites. Infected cells were pretreated with cytochalasin D to block parasite
motility, and A23187 was added before fixing the monolayer. Immunofluores-
cence was used to examine the membrane integrity of host cells infected with
Tie™ and Tie™ strains. A rabbit anti-SAG1 antibody was used before permeabi-
lizing the monolayer with detergent so as to stain all the parasites that are
extracellular or within permeabilized host cells. A mouse anti-SAG1 MAD was
used in the presence of Triton X-100 to permeabilize all membranes and allow
all the parasites to be stained regardless of their location or the state of the host
cell. The two antibodies were detected with different fluorescent dyes, rabbit
antibodies with Texas red and mouse antibodies with FITC, such that all para-
sites stained with FITC but only those that were within permeabilized host cells
also stained with Texas red and thus appear yellow. (a) The effect of A23187 on
the membrane integrity of host cells infected with lie* (RHA and MBD2.1) and
Iie” (MBEL.1 and MBE3.3) strains. Cells infected with RHA and MBD2.1 are
permeabilized despite the absence of parasite motility. This permeabilization is
not observed in cells infected with MBE1.1 and MBE3.3. (b) The A23187-
induced permeabilization by the lie" RHA strain is inhibited by pretreating the
infected monolayer with BAPTA-AM.

in Tie " strains at 2 min; data not shown), there appeared to be
a 2- to 4-min delay in the timing of *'Cr release in both
cytochalasin D-treated and -untreated cells. This lag is proba-
bly due to sequestration of the label within host compartments
(e.g., Golgi and mitochondria). The two lie” mutants, but not
MBD2.1, showed a dramatic delay in chromium release, re-
gardless of the presence of cytochalasin D (Fig. 8a and b). The
difference in the membrane-permeabilization response to
A23187 in each of the strains appears to correlate with the
observed lie phenotypes and is dependent on changes in
[Ca®>"] because the effect is blocked in all strains by
BAPTA-AM pretreatment (Fig. 8c). Cells infected with the
Jie” mutant MBE1.1 do eventually get permeabilized, even in
the presence of cytochalasin D, at about the time when they
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FIG. 8. Quantitation of egress-independent host lysis using a >'Cr release assay. HFF monolayers were infected with either RHA, MBE1.1, MBE3.3, or MBD2.1
and were loaded with >!Cr. Cells were pretreated with either DMSO (a), cytochalasin D (b), or BAPTA-AM (c). A23187 was then added to all cultures, and the counts
per minute (CPM) obtained from *!Cr release was measured and normalized to 10* parasitophorous vacuoles.

would usually undergo egress (Fig. 8b). This result suggests
that permeabilization is a delayed but still important aspect of
egress in this mutant.

Detergent permeabilization of infected host cells induces
egress in a Ca®*-dependent manner. The close correlation
between permeabilization of the host membranes and parasite
egress suggests that this process may be instrumental in IIE. To
test this, the effect of host cell permeabilization on parasite
egress was examined outside the context of IIE by using
0.005% saponin for 20 min at 4°C. Under these conditions, the
detergent selectively permeabilizes the host cell while leaving
the Toxoplasma membrane intact (4). After saponin permeabi-
lization, the cells were tested for parasite egress. Under these
conditions, in Ca®*-containing medium host cells that were
infected with the parental strain or the Iie” mutants (MBEL.1
and MBE3.3) underwent parasite egress at similar rates (Fig.
9a). This result indicates that in the Iie™ strains, the defect in
the IIE pathway is prior to permeabilization. Although we have
not tested directly for the integrity of the parasite membranes
after exposure to saponin, the fact that the parasites are motile

100+

% vacuoles lysed

and infectious immediately after the treatment suggests that
they themselves have not been substantially permeabilized, as
previously reported (4).

The role of [Ca*"] in this saponin-induced egress was ex-
amined by permeabilizing the cells in medium containing 5
mM EGTA and no added Ca** (HBSS,.). The saponin-in-
duced egress was dramatically inhibited for both the parental
and mutant strains (Fig. 9a). Thus, there is a requirement for
extraparasitic Ca>* in order for the saponin permeabilization
to induce egress. To test the influence of [Ca*>*] in IIE, in-
fected monolayers were incubated as above but using 1 uM
A23187 instead of saponin to induce egress. As shown in Fig.
9b, the parental strain was fully able to undergo IIE with and
without extracellular Ca®>", whereas the lie~ mutants were
unresponsive to the ionophore, as previously observed. Since
the ionophore is equally effective in medium containing or
lacking Ca?*, it is likely that the lie™ parasites were respond-
ing to intracellular fluxes (within the host cell and/or parasite)
rather than to an influx of [Ca?*] from the extracellular milieu.

100+ B RHA
E MBE1.1

B MBE3.3

b

A23187-Ca’

A23187+Ca*

FIG. 9. Saponin induces egress in a Ca®>*-dependent manner. Intracellular parasites were induced to exit by treatment with either 0.005% saponin (a) or 1 pM
A23187 (b) at 4°C for 20 min. After an additional 2 min of incubation at 37°C, the cells were fixed and stained. The influence of extraparasitic [Ca>*] on each treatment
was examined by using either HBSS, (1 mM Ca?*) or HBSS,,. (5 mM EGTA and no added Ca>").

Saponin—Ca2+

Saponin+Ca”*
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DISCUSSION

In the study reported here, several mutants of 7. gondii
resistant to the effects of the ionophore A23187 were isolated
and characterized to examine the signaling pathway that in-
duces parasite egress. Based on their resistance to IIE and IID,
these mutants fall into three classes: Iie~ Iid ", lie~ Iid*, and
Tie" Tid ™. The fact that selection for lie ™ often yielded mutants
that were also Iid~ (and vice versa) strongly suggests that a
single mutation can give rise to both phenotypes. It is not
possible to say whether these mutations involve gain or loss of
function until the affected gene is identified. (Several attempts
to rescue the mutants and identify the gene have thus far
failed.) Likewise, it is possible that different mutations in the
same gene can give rise to all three classes of mutants, but with
pathways as complex as those being studied here, it is more
likely that mutations in different genes are involved in each
class of mutant.

A variety of assays were performed to characterize the phe-
notypes of representatives of the three mutant classes, and the
results are summarized in Table 1. Although these mutants
were isolated on the basis of defects in processes induced
artificially by the use of an ionophore, all of the three lie™
mutants have a reduced ability to productively infect host cells.
Regardless of the selection scheme utilized, mutant strains
showing a defect in IIE have a substantially reduced EOP.
These results suggest a genetic and thus mechanistic connec-
tion between IIE and early events in the normal lytic cycle of
the parasite. Another important association is that the lie™
mutants failed to permeabilize the host cells upon exposure to
A23187 in a Ca®'-dependent, egress-independent manner.
The importance of this step in the egress event was demon-
strated by showing that the lie” mutants would respond to
mild saponin permeabilization of the host plasma membrane
and undergo egress with wild-type kinetics. This strongly sug-
gests that the defect in the two Iie™ mutants is upstream of the
permeabilization event.

Based on our results, we propose a stepwise model for the
process of I1E. The first step is a rise in the [Ca®*] surrounding
and perhaps within the parasite as a result of the ionophore
releasing intracellular stores and allowing extracellular Ca®* to
flow in. Note that the parasitophorous vacuole is surrounded
by tightly apposed host mitochondria and endoplasmic reticu-
lum, compartments that are major stores of intracellular Ca**.
The importance of Ca®* outside the parasite is demonstrated
by the fact that BAPTA-AM treatment of the infected host cell
prior to application of the ionophore blocks conoid protrusion,
gross permeabilization of the host plasma membrane, and
egress. Although BAPTA-AM should not be able to enter the
parasite, it is possible that minute amounts do enter and that
the critical change in Ca®* level is inside the parasite.

The second step in the model is parasite-dependent perme-
abilization of the host plasma membrane and parasitophorous
vacuole. This allows a final egress signal to reach the parasites
and causes them to leave the infected cell as the third and final
step. The observation that polyvalent cations, such as Ca”*,
Mg>*, Ni**, and Gd**, will induce an intracellular Ca** flux
in Toxoplasma (22) suggests that a cation sensor on the surface
of the parasite may be involved in some aspect of the IIE
response.

The defect in mutant MBE1.1 can be further delimited to
downstream of receipt of the initial Ca®* signal since the
intracellular parasites do respond to the ionophore by protrud-
ing the conoid. Thus, this mutant may receive the signal, pro-
trude the conoid, and release its microneme contents but have
a defect in the permeabilization activity normally contained
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within this secreted material. It is possible that the release of
this permeabilization activity is detrimental to extracellular
parasites, which would explain the IID seen with wild-type
parasites and the resistance to it by MBEIL.1. Although the
mixing experiments indicate that the activity responsible for
IID is not a stable, freely diffusible toxic substance, these ex-
periments do not preclude the secretion of a toxic factor that
acts only locally or transiently. It is not known whether treat-
ment of intracellular parasites with ionophore reduces their
viability. Our test for egress scored for ruptured cells, while the
IID experiments looked at the infectivity of the treated para-
sites. If IID is caused by a local-acting secreted factor, it is
possible that the intracellular parasites abandon the vacuoles
before they can be affected by it. IID could also be the conse-
quence of activation of apoptotic pathways or other lytic fac-
tors. Whether the factors ultimately causing extracellular death
and intracellular host cell permeabilization are the same re-
mains to be elucidated, but some commonality between these
two phenotypes is strongly suggested by the genetic data pre-
sented here.

For MBE3.3, the block in IIE also appears to be at the
permeabilization step, except in this case the conoid is not
protruded and thus the defect could be due to a failure to sense
the Ca?" flux. Alternatively, since conoid protrusion has been
associated with the release of micronemal contents (3), this
mutant might contain the permeabilization activity but be un-
able to secrete it in response to ionophore. Extracellular
MBES3.3 parasites exposed to the ionophore do protrude the
conoid and release their contents, possibly because the Ca**
signal received is far stronger under these conditions than
when intracellular. This hypothesis is supported by the obser-
vation that elevated concentrations of A23187 did increase the
efficiency of IIE in this strain (Fig. 1b) whereas MBEI.1 re-
mained essentially unresponsive at even 20 pM. Nonetheless,
the fact that extracellular MBE3.3 protrudes its conoid and
dies when treated with ionophore is consistent with the notion
that this mutant possesses a fully functional permeabilization
activity and that, as for wild-type parasites, this could be locally
toxic when released.

For the third class of mutants (lie™ Tid ) represented by
MBD?2.1, there is no block in IIE, suggesting that the perme-
abilization activity is at least partially functional and released
in response to the usual signals. MBD2.1 shows an increased
sensitivity to BAPTA-mediated chelation of intracellular Ca®*
in extracellular parasites. Although the full significance of this
phenotype is unknown, it does indicate that MBD2.1 has an
altered capacity to respond to Ca**. This result and the fact
that no significant difference in the speed or magnitude of
ionophore-induced calcium flux of the mutant was seen using
Indo 1AM (Sigma) (data not shown) suggest that the mutant
might have a different capacity to mitigate the calcium flux but
that it has no defect in its ability to take up the ionophore.
Thus, the mutant might have a decreased response to intracel-
lular [Ca®™"] levels; that is, if intracellular [Ca**] drops because
of the BAPTA-AM, it loses viability but if an ionophore is
applied, the rise in [Ca®"] is inadequate to fatally stimulate the
parasites.

Saponin-induced egress for all of the mutants and for the
wild type was dependent on the presence of Ca®". Because
EGTA would diffuse into the permeabilized host cell, it is not
possible to say if the critical lack of Ca®" is in the host cytosol
or the extracellular milieu. The fact that even the lie” mutants
show the dependence on Ca®* suggests that high levels of
Ca®" can overcome their defects and elicit the egress signal.
Indeed, it is possible that the permeabilization causes a rise in
[Ca?*] to a level far higher than is achieved by the ionophore
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alone and that this is the critical egress signal proposed in the
model.

In summary, these results indicate that there is a strong
linkage between the different effects of Ca*>" ionophores and
that the induction of egress involves a multistep pathway that
includes permeabilization of the host cell just prior to the
actual egress event. Identification of the genes that are affected
in the mutants will help elucidate these pathways. Molecular
genetics in this system has advanced dramatically in recent
years, but complementation of phenotypes other than ones
involving known biosynthetic pathways has not been reported.
Efforts to recover the mutated genes in the lie™ and Iid™
mutants have likewise not yet been successful, but as further
tools are developed, this should become possible.
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